Icing will occur when wind turbines are installed in cold and humid regions. Blade icing will reduce the efficiency of wind turbines. In this paper, a numerical simulation method is proposed for glaze, mixed, and rime ice accretion on threedimensional wind turbine blades. The air flow field is calculated by the multiple reference frame model and droplet trajectories are obtained using the Eulerian two-phase flow method. In the ice accretion calculation, a three-dimensional icing calculation model is established and a new water flow distribution method based on shear force and centrifugal force is presented. The calculation results of ice shapes are compared with the experimental results and the good agreement proves the validity of the icing numerical simulation method. Based on the calculation results, the influence of centrifugal force on the ice shape is studied. Finally, the droplet impingement characteristics and ice shapes of the wind turbine blade are simulated. The results show that the in-cloud icing of wind turbine blades occurs mainly near the leading edge. The icing thickness is thicker and the icing range is wider with the increase of spanwise length.
Introduction
The wind turbine is a mechanical device for converting wind energy into electrical energy. With the growing global energy demand, wind energy has attracted researchers' attention due to its advantages, such as no pollution and being renewable. The long-term observations show that when the wind turbines are installed in cold and humid regions, blade icing will occur. The ice accretion on the wind turbine blades will reduce the efficiency of the wind turbine and threaten the safety of the ground crew. Icing changes the shape of wind turbine blades, which seriously affects the aerodynamic performance. In areas with severe icing conditions, the annual power loss of electricity due to icing is 20-50%. 1 Ice accretion also leads to an increase of the load, which destroys the dynamic balance of wind turbine blades and increases the fatigue load. At the same time, ice shedding may cause damage to personnel and facilities on the ground. Every year, many wind turbines are shut down because of icing problems.
There are two major types of wind turbine icing process, namely precipitation icing and in-cloud icing. 2 Incloud icing is a common type of icing under low temperature weather conditions, which is mainly discussed in this paper. In-cloud icing will occur when supercooled droplets in clouds freeze on the blade surface. 3 The study of ice accretion on wind turbine blades mainly includes experimental research and numerical simulation. Due to the large size of wind turbines, the scaled blade model is usually used in experimental research. Wang et al. 4 measure the power loss and rotating speed of the wind turbine under different icing thicknesses, and the power loss in the most extreme icing conditions is obtained. Hochart et al. 5 study the dynamic characteristics of iced wind turbines. The experimental results show that in glaze ice or rime ice conditions, the lift loss at the blade root is less than at the blade tip and the lift loss at the blade tip is almost 40%. Han et al. 6 carry out an icing experiment using a small three-dimensional (3D) wind turbine blade, and the effects of different conditions, such as liquid water content, icing temperature, and angle of attack, on the ice shape are studied.
The numerical simulation method has become an important method for the research of wind turbine icing. However, most of the current computational methods are based on two-dimensional airfoils, such as LEWICE, TURBICE, 8 or the 3D fixed wing, such as FENSCAP-ICE. 9 LEWICE, developed by NASA, is used by Han et al. 6 to simulate blade icing. The results show that the simulation results of LEWICE are in good agreement with the experimental results in rime ice condition, but the calculation results are quite different in the glaze ice condition. This is due to the liquid water on the blade surface flowing along the spanwise direction under the action of the centrifugal force. Shu et al. 10 use the 3D rotating flow field to calculate the icing of wind turbine blades, but the influence of centrifugal force on the icing process is not considered. It can be seen that the accuracy of the current calculation method in the glaze ice condition needs to be improved. Therefore, it is helpful to develop a more advanced icing numerical simulation method for 3D wind turbines considering the rotation effect.
In this paper, the icing process of 3D wind turbine blades is studied by the numerical simulation method. The air flow field is calculated using the multiple reference frame model, and the droplet trajectories are calculated based on the Eulerian method. In the ice accretion model, a three-dimensional icing calculation method is presented and a new method of water flow distribution based on shear force and centrifugal force is proposed. The numerical simulation results are compared with the experimental results to verify the correctness of the algorithm, and the influence of centrifugal force is analyzed. Finally, the droplet trajectories and ice shapes of the wind turbine are simulated. This paper presents a 3D icing model for glaze ice and rime ice, which provides a basis for the de-icing system design.
Numerical simulation method
The icing numerical simulation includes the following modules: air flow field, droplet trajectory, and ice accretion calculation. The Fluent simulation platform is used to calculate the air flow field. Based on secondary development language Fluent UDF, the droplet trajectories are simulated. The ice accretion is calculated by in-house code. Due to the small number of droplets in clouds, it is generally believed that the air flow field will affect the droplet trajectories and the influence of droplets on the air flow field is negligible.
Air flow field
The wind turbine blades rotate around the shaft in the ground coordinate system, and the flow field is unsteady flow. In order to overcome the difficulty of numerical calculation in the ground coordinate system, the multiple reference frame model 11 is used to calculate the flow field of wind turbines. As shown in Figure 1 , the simulation domain is divided into two zones. The rotating coordinate system is used in the inner zone, which contains the blade, and the flow field in the rotating coordinate system is transformed into steady flow. The far field is not affected by the rotating blade, so the ground coordinate system is still used in the outer zone. The dimensions of the domain are shown in Figure 1 and the blade is in the middle of the domain. Since the flow field of the wind turbine is axisymmetric, the periodic boundary condition is used. In order to accurately simulate the boundary layer, the first near-wall grid size of the body grid is 1:0 3 10 À5 c and y + '1, where c is the chord length of the blade. The grids of the blade used in this paper are shown in Figure 2 . It is found that when the total number of grid elements is more than 7.3 million, the requirement of grid independence is satisfied. Therefore, this grid is used for air flow field and droplet trajectory numerical simulation.
The Reynolds-averaged Navier-Stokes equations in the rotating coordinate system can be presented as a conservation integral form: ,
where W ! is the conservation variable, F c ! is inviscid flux,
Pis air pressure, E r is the total energy of air, H r is the total enthalpy of air, u, v, w are components of air velocity, n x , n y , n z are components of the surface normal vector, O is the angular velocity, and t ij is the stress tensor. q ! is the absolute velocity and q ! v is the rotational velocity, which can be expressed as follows:
When the rotational velocity q ! v = 0, Equations (1) are equivalent to the Navier-Stokes equations in the ground coordinate system.
In the solver, the cell-centered finite volume scheme is used for spatial discretization. A second-order upwind difference scheme is employed in convective fluxes computation. The implicit integration method is used to solve the temporal discretization. The k À v shear stress transport (SST) turbulence model 12-14 is adopted to simulate the viscous effect.
Droplet trajectory
Based on the air flow field calculation results, the Eulerian two-phase flow method is used to calculate the droplet trajectories. The droplets are considered as a continuous phase and the droplet volume fraction a is used to represent the number of droplets. The continuity and momentum equations for droplets can be listed as follows 15, 16 :
where r d is the water density, u d ! is the droplet velocity, u a ! is the air velocity, u, v, w are components of the velocity, subscript d indicates the droplet phase, and subscript a indicates the air phase. V ' ! is an inertial factor:
MVD is the average droplet diameter,
is the aerodynamic coefficient, and f is the drag function, which can be represented as follows:
Re is the relative Reynolds number, which can be expressed as follows:
The droplet collection coefficient b is one of the most important parameters in the icing numerical simulation, which means the ratio of the number of droplets collected and the maximum number of droplets. It can be defined as follows:
where a ' is the far field droplet volume fraction, a n is the local droplet volume fraction, V ' ! is the far field droplet velocity, V ! is the local droplet velocity, and n ! is the surface normal vector. In the droplet trajectory calculation of wind turbines, the droplet movement is relative to the motion of the rotating blade, so the far field droplet velocity is expressed by the velocity of wind turbine blade tip in this paper. The equations of droplet trajectory are similar to Navier-Stokes equations, so the equations of the droplet trajectory can be solved by the grids and method used in the air flow field calculation. 
Ice accretion calculation
The influence of centrifugal force on the icing process must be considered in the icing calculation of wind turbines. In this paper, it is assumed that the centrifugal force has an effect on the liquid water movement and ice shedding is not considered.
The liquid water flow is mainly considered in the ice accretion calculation, so a plurality of control units is divided on the blade surface. As shown in Figure 3 , each control unit contains four adjacent units that can be represented by W, S, E, and N, respectively. The heat and mass transfer between air, liquid water, ice, and the surface should be taken into account in the calculation. The mass and energy equations for the control unit are listed as follows 17, 18 :
In the mass conservation equation, _ m clt is the mass flux of the droplet collected:
where b is the droplet collection coefficient, V ' ! is the far field droplet velocity, and LWC is the liquid water content. P _ m in is the mass flux of water flow into the control unit:
_ m inw is the mass flux of water from the adjacent unit W flow into the control unit, and so forth. The flow direction is shown in Figure 3 . _ m evp is the mass flux of water evaporation:
where R v is the water vapor gas constant, u is relative humidity, and e sur #e ' represent the saturated water vapor pressure of the surface and the far field, respectively. _ m ice is the mass flux of frozen water and _ m out is the mass flux of water outflow from the control unit. The influence of centrifugal force is mainly reflected in the water flow on the surface, which affects the distribution principle of water outflow from the control unit. According to the direction of water flow, _ m out can be decomposed into the following:
The subscripts west-east (WE) and south-north (SN) represent the two directions of water flow. For example, _ m outwe = 0 indicates that the unit has no water outflow, _ m outwe . 0 indicates that water flows from the control unit to the adjacent unit E, and _ m outwe \ 0 indicates that water flows from the control unit to the adjacent unit W. According to the related research, it is found that the water flow is mainly affected by the shear stress of air. 19 The centrifugal force also needs to be considered in blade icing, which can be expressed as follows:
where _ m water is the mass flux of water outflow, t air ! is shear stress, S is the area of the control unit and, F ! is the centrifugal force, which can be represented as follows:
Therefore, the distribution principle of water is proposed in this paper:
p we ,p sn are expressed as the components of the shear stress vector and the centrifugal force vector in the WE and SN directions. For the current control unit, there is the following relationship:
In the energy conservation equation, _ q clt is the heat flux of droplets collected, which includes internal energy and kinetic energy:
where Cp i is the isobaric specific heat capacity of ice, Cp w is the isobaric specific heat capacity of water, L f is the fusion latent heat of ice, T m is the phase equilibrium temperature of ice, T 0 is the static temperature, and V d is the velocity of the droplet impacted on the surface. _ q in is the internal energy of water flow into the control unit:
where T w is the surface temperature of water. _ q out is the internal energy of water outflow from the control unit:
Because the de-icing system is not considered in the icing process, the surface is adiabatic:
_ q cnv is the convective heat transfer between water and air:
where T rec is the recovery temperature and h c is the convective heat transfer coefficient. In this paper, the boundary layer integral method is improved to calculate the 3D convective heat transfer coefficient. The convective heat transfer coefficient in the laminar zone can be expressed as follows where l a is the thermal conductivity of air, n a is the dynamic viscosity, and V b is the velocity at the edge of the boundary layer.
The convective heat transfer coefficient in the turbulent zone can be calculated as follows:
St k is the roughness Stanton number:
C f , t is the skin friction coefficient:
where k s is the equivalent sand grain roughness height and d 2, t is the turbulent momentum thickness: 
It can be seen that the key problem in the convective heat transfer coefficient calculation is how to obtain the integral of V b along the surface streamline. As shown in Figure 4 , the V b of each grid is known and the distance between point A and E is ds. The V b of point E on the streamline can be expressed as follows:
According to this method, the integral of V b along the surface streamline is obtained and the 3D surface convective heat transfer coefficient can be calculated. _ q evp is the energy of water evaporation:
where L e is the latent heat of water evaporation. _ Q ice is the energy of frozen water:
In the solver, it is necessary to add the freezing coefficient f to close equations. The freezing coefficient is the ratio of the mass flux of frozen water and the total mass flux of water in the control unit, which can be expressed as follows:
By solving the equations, the mass flux of frozen water _ m ice in each unit can be obtained and the ice thickness h is calculated by the corresponding calculation formula: Figure 4 . Velocity at the edge of the boundary layer computed by a liner interpolation.
where t is the icing time and r ice is the ice density. The ice shape can be obtained by moving the surface nodes along the normal direction.
Method validation
In order to verify the correctness of the method used in this paper, the ice shapes are simulated in the experimental conditions of Palacios et al. 21 The cylinder is used as an experimental model with a diameter of 0.0254 m and a length of 1.27 m, and the ice shapes of the rotating cylinder are measured. The calculation conditions are as shown in Table 1 . Figures 5-7 show the ice shape comparisons between the calculation results and experimental results in conditions 1-3. It can be seen that the calculation results are in good agreement with the experimental results. The predicted icing thickness has little difference from the experimental values. The upper and lower frozen limitations are captured well and the predicted icing range is accurate. In addition, the icing temperature varies from -5°C to -15°C, including the typical glaze ice, rime ice, and mixed ice. Therefore, ice shapes can be simulated using the numerical simulation method presented in this paper under different conditions, and the accuracy of the calculation results is satisfactory. The ice accretion under condition 4 is calculated in order to study the influence of centrifugal force on the icing process. Under this condition, the icing temperature is higher and the amount of liquid water is more, so the centrifugal effect is more significant. Figure 8 shows the ice shapes calculated with and without centrifugal force, and the corresponding experimental result is given. As can be seen from the figure, the ice shape calculated with centrifugal force is closer to the experimental result, and the icing thickness and icing range are more accurately predicted. However, the ice shape without considering centrifugal force is different from that of the experimental result. Therefore, the centrifugal force has a great influence on the ice shape. The comparisons of surface liquid water distribution with and without centrifugal force are shown in Figure 9 . It can be seen that under the condition without considering centrifugal force, the liquid water movement on the surface is only affected by the shear force, and liquid water flows toward the upper and lower frozen limitation. The thickness of the liquid water increases first and then decreases with the chordwise position. Under the condition considering centrifugal force, the liquid water is not only subjected to the shear force but also to the centrifugal force, so liquid water will flow along the spanwise direction in addition to the chordwise direction. The amount of liquid water is largest near the stagnation point and the spanwise flow is more obvious, resulting in the liquid water thickness increasing near the stagnation point and decreasing near the frozen limitations. There is a direct relationship between the icing thickness and the liquid water distribution. Therefore, the icing thickens near the leading edge and reduces near the upper and lower limitations. Figure 10 shows the icing thickness distribution at the stagnation point and the fitting curve. It can be seen that the icing thickness of the leading edge grows almost linearly with the spanwise length. The centrifugal force has a great influence on the icing thickness prediction, especially near the blade tip.
Calculation and discussion

Droplet impingement characteristics of wind turbines
The droplet trajectory and droplet collection coefficient distribution around the wind turbine are calculated using NREAL Phase VI. 22 NREAL Phase VI is composed of two blades. The radius of the blade is 5.03 m and the airfoil is S809 at the 25% section. The calculation conditions are as follows: the wind speed is 10 m/s, the rotation speed of the wind turbine is 190 RPM, MVD is 20 mm, and the liquid water content is 1 g/m 3 . The results of droplet trajectory are shown in Figures 11-14 . Figure 11 shows the droplet trajectories and liquid water content distribution around the airfoil at the r/R = 90% section. A part of the droplets impact on the leading edge of the airfoil and the other part of the droplets flows around the blade. In the rear part of the airfoil, there is no droplet trajectory due to the occlusion of the blade. Figure 12 shows the droplet trajectories on the cross-section. Relative to the wind turbine blade, the droplets rotate around the axis. A part of the droplets impacts on the leading edge of the blade and then freezes into ice. Figure 13 shows the distribution of the droplet collection coefficient on the wind turbine blade. As can be seen from the results, the droplet collection coefficient is mainly distributed at the leading edge of the blade and the droplet collection coefficient on the trailing edge is 0, which indicates that the droplets mainly impact on the leading edge. The droplet collection coefficient is larger near the blade tip and the value can reach 0.7. This is because the velocity of the droplets impacted on the surface near the blade tip is higher. According to the definition of the droplet collection coefficient, the value is relatively large near the blade tip. Similarly, the droplet collection coefficient is relatively small at the blade root. Figure 14 shows the droplet collection coefficient curves at different spanwise sections. It can be seen that the value of the droplet collection coefficient is largest at the stagnation point, and gradually reduced due to the impact limitation. With the increase of the blade radius, the maximum value of the droplet collection coefficient increases.
Icing characteristics of the wind turbine
The NREAL Phase VI blade is still used in the ice accretion calculation. The calculation conditions are as follows: the wind speed is 10 m/s, the rotation speed of the wind turbine is 190 RPM, MVD is 20 mm, the liquid water content is 1 g/m 3 , the icing temperature is -5°C, and the icing time is 3 and 6 minutes, respectively. Figures 15 and 16 show the ice shapes of different sections in 3 and 6 minutes. It can be seen from the trend of ice shapes that icing occurs on the leading edge of the blade and there is no icing near the trailing edge. The icing thickness is thicker and the icing range is wider with the increase of spanwise length. The comparisons of ice shapes with and without centrifugal force are given. When the centrifugal force is considered, icing thickness increases near the stagnation point and decreases at the upper and lower frozen limitations. The centrifugal effect is more obvious with the increase of spanwise length, and the centrifugal effect is not significant at the blade root. With the increase of icing time, the icing thickness is increasing gradually, but the trend of icing thickness and icing range is the same.
Conclusion
In this paper, a numerical simulation method for in-cloud icing of 3D wind turbine blades is proposed. The multiple reference frame model is used to calculate the air flow field and droplet trajectories are simulated based on the Eulerian method. An ice accretion model for the 3D surface is established and a water flow distribution method based on shear force and centrifugal force is proposed. The calculation results are compared with the experimental results under glaze ice, rime ice, and mixed ice conditions. The good agreement proves the correctness of the method used in this paper. The droplet impingement characteristics and icing characteristics of wind turbine blades are calculated based on NREAL Phase VI. Further conclusions are drawn as follows.
1. The method used in this paper can simulate the incloud icing of the wind turbine blade under different conditions, especially under the glaze ice condition. 2. The centrifugal force has a great influence on the water flow and the icing process. Under the action of centrifugal force, icing thickness increases near the stagnation point and decreases at the upper and lower frozen limitations. 3. Droplets impact on the leading edge of the blade.
The droplet collection coefficient is relatively large near the blade tip and small at the blade root. 4. Icing will occur on the leading edge of the wind turbine blade. The icing thickness near the stagnation point increases and the icing range is wider with the increase of spanwise length.
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